Abstract. At the FZG (Gear Research Centre, Munich, Germany) a research project was carried out to analyze the influence of the hypoid offset on the load capacity of bevel gears by systematic theoretical and experimental investigations. For the experimental investigations two types of bevel gears were designed, one for the pitting tests and one for the tooth root tests. The results of the tooth root tests showed as expected an increasing load capacity with higher offsets. In contrast the pitting tests showed an increasing, but after reaching a maximum, a decreasing load capacity with higher offsets.
Introduction
Hypoid gears are bevel gears with nonintersecting axes where the hypoid offset is defined as the shortest distance between these two axes. Hypoid gears are preferred over bevel gears without offset if aspects of gear noise or of installation space are in focus. Pitting and tooth root breakage are still the two most frequent failure types occurring in practical applications of bevel and hypoid gears. There are several national and international standards for the calculation of the load capacity of these gears such as DIN 3991, AGMA 2003 and ISO 10300. But up to now these standards do not cover bevel gears with offset. Although the occurring stresses on hypoid gears can be calculated with higher sophisticated methods that are based on a tooth contact analysis (TCA), there is no commonly used method to evaluate different designs of flank forms regarding local safety factors. This is because the local strength for bending and pitting is not known. For this reason a research project was carried out at FZG (Gear Research Centre, Munich, Germany) to analyze the influence of the hypoid offset on the load capacity of bevel gears by systematic theoretical and experimental investigations. Furthermore a new calculation method should be developed to predict the local risk of pitting and the risk of tooth root breakage on the base of a loaded TCA.
Experimental tests
For the experimental investigations two types of bevel gears were designed, one for the pitting tests and one for the tooth root tests. The aim of the two different gear designs was to examine pitting isolated from tooth root breakage. Thus, the gears for the tooth root tests were designed with offsets a = 0 / 15 mm / 31,75 mm with a relatively small module (m mn = 2,2…2,5 mm), the gears for the pitting tests with offsets a = 0 / 15 mm / 31,75 mm / 44 mm with a bigger module (m mn = 3,5…4,2mm). All wheels had the same outer diameter d e2 = 170 mm. The gear sets were made of 18CrNiMo7-6 case hardened and finish ground. For each geometry the S/N-curve was determined by approximately 20 tests.
Results of the pitting tests. On each examined variant pitting occurred isolated from tooth root breakage. Beside the pitting failures micro pitting appeared. With increasing offset, the micro pitting area on the flank grew faster and bigger. In Fig. 1 (left side) a pinion flank of the geometry variant with a = 15 mm is shown after 11 and 27 million pinion revolutions at T 1 = 300 Nm.
It was proven that the flank form deviation which occurs due to micro pitting affects the load distribution on the flank during the lifetime. This leads to locally changing load conditions and thus influences pitting. In test with torques close to the endurance limit of the gear set micro pitting had a larger influence because of the large runtime. Right: Initial pitting at the addendum of the pinion toe (T 1 = 300 Nm, a = 15 mm) Whereas at the geometry variant with a = 0 mm (non hypoid) micro pitting occurred mainly at the dedendum of the flank, for the hypoid variants (a = 15 mm / a = 31,75 mm / a = 44 mm) micro pitting could be documented over the whole active flank. The same applies to pitting. On the right side of Fig. 1 the condition of the pinion flank (a = 15 mm) is shown for two load cycles. Micro pitting could affect pitting in such way that the initial pitting occurs also at the addendum of the toe which is in contrast to helical gears. Although on the wheel flanks of the hypoid variant with an offset a = 44 mm pitting was also detected, it was not possible to evaluate the load capacity of the wheels because of the very few numbers of failures. Fig. 2 shows the endurance limit for pitting for all tested variants. For each torque the maximum Hertzian pressure was calculated by means of a loaded tooth contact analysis (LTCA) with BECAL [3] . BECAL [3] (Bevel Gear Calculation) was developed by the FVA (Forschungsvereinigung Antriebstechnik). It considers the deflections between pinion and wheel, which are caused by the elasticity of the teeth, bearings, shafts and housings. In contrast to the increasing pinion endurance torques the occurring maximum stresses on the flanks are decreasing. For example the maximum stress on the flank of variant a = 44 mm for the endurance limit is 22% smaller than at the non hypoid variant. 
Fig. 2: Endurance limits of the test gears
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Results of the tooth root tests. All examined variants failed by the decisive type of failure tooth root breakage. Fig. 3 shows a tooth root breakage on a pinion that can be regarded as representative for all tests. The crack initiation was detected in all cases close to the 30°-tangent to the tooth fillet. In Fig. 4 the endurance limits of the tested variants are compared. As it can be seen the tests showed an increasing load capacity with higher offsets as expected. The corresponding maximum tooth root stresses are for all variants within a range of ± 3.5%. For pitting a criteria was developed that allows to compare the occurring Hertzian pressure at a certain point in the contact area with the strength values of helical gears from ISO 6336 [5] . Investigations showed that it is necessary to regard the local sliding conditions in the point of contact in order to evaluate the whole flank.
The known fact [6, 7] that on helical gears there is a higher pitting resistance in the area of positive slip is now regarded in the new local calculation method by the so called slip factor Z S . The effect of the hypoid specific sliding lengthwise the contact line on the pitting strength is quantified by the newly introduced hypoid factor Z Hyp . The local pitting safety factor is calculated according to Eq. 3 with the local contact stress and the local permissible contact stress. [-] local safety factor for contact stress S Hmin1,2 [-] minimum safety factor acc. to [4] The recalculation of the pitting tests showed a very good agreement of the predicted with the real pitting areas on the flanks. Fig. 5 shows for four different load cycle numbers the pinion flank conditions in comparison to the predicted pitting areas that are characterised by having a safety factor S H,i < 1 (T 1 = 300 Nm). As it can be seen not only the place of the initial pitting is calculated correctly but also the pitting dynamics are predicted reasonably. 6 shows the comparison between the endurance limits of the tests and the calculated endurance limits. The calculated endurance limit is per definition reached when the lowest local safety factor becomes S H,i = 1. Peaks of pressure at the edge of the flank are not allowed in this consideration. As it can be seen there is a quite good correlation for all regarded offsets. Slip factor. The slip factor was introduced in order to evaluate the dependency between the relative sliding and the permissible contact stresses on the flank. The strength values that are used in ISO 6336 [5] for the load capacity of helical gears are only valid for negative slip. To use those values for a calculation at any point of the flank the influence of slip has to be considered. [-] slip perpendicular to the contact line Z S,i1,2 [-] slip factor
The relative motion of pinion and wheel leads to tangential speed components that are illustrated in Fig. 7 . The circumferential velocity at any point on the flank can be projected in a plane parallel to the flank surface. This component is called the tangential surface velocity. Defining the tangential velocity perpendicular to the contact line as the projection of tangential surface velocity perpendicular to the contact line the slip perpendicular to the contact line can be expressed by Eq. 4. 
Experimental investigations on roller tests by Rösch [6] showed a decreasing permissible stress with increasing negative slip. [6, 7] list possible reasons for that phenomenon. Based on this knowledge the slip factor Z S was implemented as shown in Fig. 8 and Eq. 5.
Hypoid factor. The relative motion between the flanks of hypoid gears with nonintersecting axes leads to a sliding component lengthwise the contact line. However helical gears and bevel gears without offset have only a sliding component that is perpendicular to the contact line. Therefore the influence of the lengthwise sliding on the pitting resistance has to be taken into account when the strength values of helical gears should be used for the calculation of hypoid gears. Whereas the amount of lengthwise sliding is approximately constant the perpendicular sliding component is scaled significantly along the tooth profile similar to helical gears. For this reason only the lengthwise component has to be regarded to evaluate the different sliding conditions on hypoid gears in comparison to helical gears. This component leads to higher sliding velocities and causes therefore higher temperatures in the contact point.
As Fig. 2 illustrates, the permissible stresses are decreasing with an increasing offset and a so increasing sliding component lengthwise to the contact line. Based on the test results the hypoid factor Z Hyp was introduced to evaluate the lengthwise sliding on hypoid gears. Z Hyp was empirically determined and should cover the following phenomena:
1) Influence of the contact temperature on the lubricating film thickness.
2)
Influence of the contact temperature on the function of the oil.
3)
Influence of the temperature on the material strength.
4)
Influence of the temperature distribution on the thermal stresses.
5)
Influence on the fracture mechanics on the surface. The hypoid factor can be calculated according to Eq. 6. Hereby the sliding velocity lengthwise to the contact line is assumed to have a negative influence on the pitting resistance as described above. The reference value is the sum of the tangential velocities perpendicular to the contact line (see Fig.  7 ). These components are considered to have a positive effect on the pitting resistance because of their influence on the oil film thickness. As Fig. 9 shows the hypoid factor is Z Hyp = 1 for bevel gears with intersecting axes and becomes smaller for higher offsets. For practical applications the lower limit of Z Hyp = 0.6 is usually not reached. 
New calculation method for tooth root breakage
Like the new method for pitting the local calculation of the load capacity for bending is based on the results of BECAL [3] . The strength values are derived from the standard ISO 6336 [5] for helical gears. For each mesh position the tooth root stresses (Eq. 7) are compared with the local permissible strength values that are determined by Eq. 8. Because of the specific methods used by BECAL [3] to calculate the local tooth root stresses it is possible to determine the factors in Eq. 8 analogous to ISO 10300 [4] . Thus the local safety factors can be considered along the whole mesh of one pair of teeth. It is important that always the smallest of all calculated safety factors is the decisive value for the bending load capacity.
As it can be seen in Fig. 10 the new calculation method also has a very good correlation regarding the calculated endurance torques and the endurance torques derived from the tests.
Applied Mechanics and Materials Vol. 86 241
[-] local safety factor for bending stress S Fmin1,2 [-] minimum safety factor acc. to [4] 
Summary
At FZG (Gear Research Centre, Munich, Germany) systematic investigations have been carried out in order to develop a new calculation method for the pitting and bending load capacity of bevel and hypoid gears [1, 2] . By means of a huge number of test gears the new calculation method was statistically ensured as far as possible. Having the machine settings of a gear set it is now possible to use the results of a loaded tooth contact analysis by BECAL [3] to evaluate on the one hand the local risk of pitting on the flank. On the other hand the fatigue limit and the endurance limit for pitting and bending can be determined. This method is not restricted to bevel gears without offset but also for hypoid gears with nonintersecting axes.
